We report the design and performance of terahertz quantum cascade laser sources based on intracavity difference frequency generation in dual-wavelength mid-infrared quantum cascade lasers with a passive nonlinear section at the exit facet, designed for giant second-order nonlinear susceptibility. These devices operate in the mid-infrared at 1 = 8.4 m and 2 = 9.5 m, with terahertz output at the difference frequency, 3 Ϸ 73 m. Terahertz output of approximately 100 nW was observed up to a heat sink temperature of 210 K.
The terahertz ͑THz͒ spectral range ͑ = 30-300 m͒ still lacks a compact electrically pumped room temperature semiconductor source. Cryogenic cooling is still necessary for operation of THz quantum cascade lasers ͑QCLs͒ ͑Refs. 1 and 2͒. We have recently demonstrated that THz QCL sources based on intracavity difference-frequency generation ͑DFG͒ in dual-wavelength mid-infrared ͑mid-IR͒ QCLs may present a viable alternative to THz QCLs for generating THz radiation at room temperature. 3, 4 Devices in Refs. 3 and 4 utilized active regions with optical nonlinearity integrated with laser transitions. The benefits of this approach are that laser modes have good spatial overlap with the nonlinear section and that no optical loss is introduced in the laser cavity by the resonant optical nonlinearity. 3, 4 However, the value of the nonlinear susceptibility ͑ ͑2͒ ͒ in this approach is determined by the population inversion across the laser transition, which is clamped to values ⌬N Ϸ 2 ϫ 10 15 cm −3 at the laser threshold. 4 Additionally, resonant optical nonlinearity with population inversion will intrinsically have transitions at two laser frequencies, which leads to gain competition between mid-IR pump modes. 5 Here we present an alternative design of THz QCL sources based on DFG. Devices use a passive nonlinear section at the exit facet, designed to have resonant ͑2͒ . Theoretical analysis shows that this design of THz DFG QCL sources may lead to higher THz conversion efficiencies compared to that in devices based on optical nonlinearity with population inversion, while producing only minor additional losses to the pump lasers. Experimentally, our proof-ofprinciple devices produced approximately 100 nW of output power at a frequency of 4.1 THz up to 210 K with a conversion efficiency of 0.5 W / W 2 . As discussed below, the power conversion efficiency of these lasers is expected to improve by over two orders of magnitude in fully-optimized structures.
The details of our device design are shown in Fig. 1͑a͒ . A nonlinear layer ͑NL͒ tailored to have resonant ͑2͒ for DFG, is grown on top of a QCL active region. The NL is 500 nm thick and is comprised of 16 repetitions of the structure shown in Fig. 1͑b͒ . The active region consists of 3.1 m of double-phonon resonance 6 QCL structures designed to emit at 1 = 8.4 m and 2 = 9.5 m, with 25 and 23 repetitions each, respectively. Devices were grown by molecular beam epitaxy on an InP substrate, n-doped to 6 ϫ 10 16 cm −3 . The growth initially ended at the NL. The NL was then selectively removed to leave 50-200 m long sections near the exit facet to reduce optical losses for the pumps. THz radiation generated more than 200 m away from the exit facet is completely absorbed by free-carriers in mid-IR QCLs. The NL sections were further patterned with 10 m-wide trenches every 50 m, see Fig. 1͑a͒ , to facilitate current transport to the active region below. An InP upper waveguide cladding ͑4-m-thick and 200-nm-thick layers of InP, n-doped to 4 ϫ 10 16 cm −3 and 5 ϫ 10 18 cm −3 , respectively, followed by a 50-nm-thick layer of GaInAs n-doped 2 ϫ 10 19 cm −3 ͒ is then overgrown. The devices are processed into 25 m wide ridges with tapered sections 60 m wide, similarly to that in Ref. 4 .
To demonstrate the advantages of a "passive nonlinear scheme" for edge-emitting devices we compare the expected THz DFG conversion efficiency of a device outlined above with that of THz DFG QCL source in Ref. 4 . The power of the THz DFG output at frequency 3 in QCL waveguides is given by the expression:
͑1͒
where W͑ i ͒ and n͑ i ͒ are the power and refractive index of the beam at frequency i . The term l ef f is the effective length of the nonlinear interaction and is given as:
where L is the length of the nonlinear section, ⌬k = k 3 −1 in our current device and the optical losses due to resonant absorption in the nonlinear section for the TM 00 mid-IR pump modes of ␣ 1 Ϸ 102 cm −1 and ␣ 2 Ϸ 95 cm −1 , Eq. ͑2͒ is maximized for L Ϸ 85 m to produce l ef f Ϸ 31 m. We note that an 85-m-long nonlinear section will increase the total loss for the pumps in our devices by 2.3 cm −1 , cf., Eq. ͑5͒. The waveguide loss for mid-IR pumps in a laser without optical nonlinearity is estimated to be ␣ LAS Ϸ 9 cm −1 . Thus, the presence of an 85-m-long nonlinear section in a 3-mmlong laser is only expected to increase the total loss ͑includ-ing mirror loss estimated to be 2.1 cm −1 ͒ for mid-IR pumps by less than 25%.
For resonant DFG based on intersubband transitions, the expression for ͑2͒ simplifies to
where N i is the electron population density in state i, and ez ij , ij , and ⌫ ij are the dipole matrix element, frequency, and transition linewidth broadening between states i and j. For the passive nonlinear section, we assume that all electron population is in the ground state "1" and N 1 − N 3 = N 1 − N 2 = N Ϸ 7 ϫ 10 16 cm −3 . We assume a transition linewidth of 7.5 meV for the active design, and 5 meV for the passive design. The dedicated nonlinear section of the passive design should have a narrower linewidth due to the decreased number of interacting states, cf. Refs. 10 and 11. We obtain ͉ ͑2͒ ͉ = 1.08ϫ 10 6 pm/ V for the passive design. This needs to be compared with ͉ ͑2͒ ͉ =4ϫ 10 4 pm/ V for the active design. Measurements of the proof-of-principle devices were taken using 100 ns current pulses at 100 kHz repetition rate for gathering mid-IR data, and 400 ns pulses at 50 kHz for gathering THz data. Off-axis parabolic mirrors were used to collect and refocus laser output onto a thermopile detector or a calibrated He-cooled Si bolometer for mid-IR and THz measurements, respectively. Optical filters were used to distinguish between the power outputs at different frequencies. Mid-IR and THz power data was corrected for the 32% and ϳ10% collection efficiency of our setup, respectively. Lasers with 1.8 mm and longer laser cavities provided dualwavelength mid-IR output up to room temperature.
Experimentally, the best THz performance was achieved with a 1.8-mm-long laser ridge with a nonlinear section length of 175 m. THz emission was observed from this device up to 210 K, as seen in Fig. 2͑a͒ . The spectral position and shape of the THz output was in good agreement with mid-IR pump spectra, see Fig. 2͑a͒ . The THz peak power output at 80 K was measured to be approximately 100 nW. THz power measurements at higher temperatures were difficult because of the strong thermal background, cf., Fig. 2͑a͒ for THz emission at 210 K. The light-output versus current density for mid-IR pumps of a device described above and a device with identical dimensions without a nonlinear section are shown in Fig. 2͑b͒ for 80 K operation and Fig. 2͑c͒ for 210 K operation. The threshold current densities for both pumps in the device with 175-m-long nonlinear section were approximately 25% higher than that in the device without the nonlinear section at 80 K and 210 K, respectively. However, devices with 175-m-long nonlinear section are expected to have the total loss for 1 and 2 of 22 cm −1 and 21 cm −1 , respectively, which are 65%-75% higher than The energy separation between levels and transition dipole matrix elements for the structure are: E 12 = 128 meV, E 13 = 145 meV, E 23 = 17 meV, z 12 = 1.63 nm, z 13 = 1.49 nm, z 23 = 4.59 nm. ͑c͒ The magnetic field intensity of the TM 00 mode ͑left axis͒ and refractive index profile ͑right axis͒ for the 1 = 9.5 um ͑thin dashed line͒ and 3 =73 um ͑thick solid line͒ propagating modes in the waveguide. The active regions for each pump are shown in light gray ͑ 1 = 8.4 m͒ and gray ͑ 2 = 9.5 m͒, and the nonlinear region is shown in dark gray.
that for a device without nonlinearity. Experimental results indicate that the nonlinear losses are smaller than what was calculated. We believe this may be partly due to smallerthan-expected doping in the nonlinear sections and partly due to transitions in the nonlinear section slightly offresonance with the mid-IR pump frequencies. Smallerthan-expected electron concentrations in Ga 0.47 In 0.53 As/ Al 0.48 In 0.52 As/ InP heterostructures, modulation doped in Al 0.48 In 0.52 As barriers, were previously observed and the effect has been attributed to deep electron trapping centers in Si-doped Al 0.48 In 0.52 As. [12] [13] [14] We note that we have recently observed similar smaller-than-expected losses in our nonlinear QCLs designed for second-harmonic generation. 15 Given the maximum output power of the pumps shown in Fig. 2͑b͒ and 100 nW THz power output at 78 K, we can estimate the external conversion efficiency of our device to be ext = 0.5 W / W 2 . The value of ext is related to the DFG conversion efficiency introduced earlier by:
where T i is power transmission through the exit facet for the beam at frequency i . Assuming T 1 = T 2 Ϸ 0.7, and T 3 Ϸ 0.15, 7 this expression leads to a theoretical value of ext = 330 W / W 2 in devices with L NL = 175 m. The discrepancy between our measured external conversion efficiency and calculated external conversion efficiency is likely to be the result of several factors. First, lower than nominal doping level in the nonlinear section leads to lower conversion efficiencies. Assuming three times lower doping level in the nonlinear section, we obtain ͉ ͑2͒ ͉ = 3.59 ϫ 10 5 pm/ V, l ef f =44 m ͑limited primarily by THz losses͒ for the nonlinear section length of 175 m, and ext = 18.7 W / W 2 . Second, our DFG process is likely to be not perfectly phasematched. In particular, increasing the substrate doping concentration by 4 ϫ 10 16 cm −3 will lead to a change in phase mismatch of ⌬k =58 cm −1 and an increase in THz losses to ␣ 3 = 450 cm −1 which will result in ext to drop further to 7.23 W / W 2 . Other factors may reduce the conversion efficiency further, including: the pumps being off-resonance with the transitions in the NL, the transition linewidth being larger than that assumed for the calculations, and mid-IR pumps operating in higher-order lateral modes.
Future work will focus on device optimization to achieve conversion efficiencies close to those predicted theoretically and on improving device design to achieve higher conversion efficiencies. Detailed theoretical simulations that include effects of non-uniform optical pumping and optical transition saturation in the NL predict that devices with fullyresonant passive nonlinear structures and improved THz radiation outcoupling using a microlens 4, 16 can provide over 100 W of THz DFG output at room temperature using mid-IR pumps with W 1 = W 2 =2W. 
